Background. We aimed to describe the frequency, risk factors, and costs attributable to drug-drug interactions (DDIs) among an aging French HIV population.
drug toxicity [7] . Decreased renal function in the aging population is due to the reduction of nephrons, vascular changes that decrease the blood flow yielding a reduction of glomerular filtration, and decreases of drugs' elimination. The same mechanism has been described for the alteration of liver function: a progressive reduction in liver volume and liver blood flow that leads to a reduction of the hepatic metabolism of drugs with potential accumulation [8] . Because few clinical trials have enrolled aging PLWH, the magnitude of drug-drug interactions in this population may be underestimated. Multimorbidity and subsequent polypharmacy are associated with a high risk of drug-drug interactions [5, 9] . In addition, many antiretroviral drugs (ARVs) interact with xenobiotic metabolism, mainly via the cytochrome P450 (CYP450) pathway. This may lead to subtherapeutic drug concentrations favoring the emergence of drug resistance. In contrast, this may also induce supra-therapeutic drug concentrations favoring the risk of drug toxicities, such as iatrogenic Cushing's syndrome [10, 11] . Drug-drug interactions (DDIs) may have clinical consequences such as increased morbidity and mortality [12] . Bastida et al. [13] studied this issue among 265 PLWH aged >65 years in a small, single-center cross-sectional study: 65% had at least 1 potential drug-drug interaction, and 6.6% had a severe potential drug-drug interaction. Therefore, deprescribing medications that are unnecessary (commonly called the Beer list) has the potential to improve the risk-benefit ratio of medication regimens in aging PLWH.
We aimed to estimate the 1-year incidence of DDIs in order to identify independent risk factors associated with DDIs and their associated costs among older PLWH from a large nationwide health care database in France.
METHODS

Study Design and Population
We conducted a retrospective, noninterventional cohort study (POPVIH65, NCT03416881) using the Système National d´In-formation Inter-Régimes de l' Assurance Maladie (SNIIRAM) pharmacy refill e-records. People affiliated with the Caisse Nationale de l' Assurance Maladie des Travailleurs Salaries (CNAMTS; 98% of the French population [14] ) in the SNIIRAM who had HIV illness ALD30 code No. 7 (corresponding to the 10th revision of the International Classification Diseases ; codes B20 to B24 and Z21), aged >65 years and receiving at least 1 ARV drug between January 1, 2016, and December 31, 2016, were included. This academic study was approved by competent authorities: an independent ethics committee (CPP Nord-Ouest III), the French Health Data Institute, and the National Commission Data Protection (CNIL).
Data Collection
Available data for the POPVIH65 cohort study were demographics, presence of a chronic disease with its first registration date, all health care acts reimbursed by health insurance (medical appointments, medications, lab tests, medical transportations, hospitalizations), and their associated costs. These details were anonymous, and individuals were identified with a unique identification number. Pharmacy refill data were listed in different tables: 1 for community pharmacy and several for hospital pharmacy (drugs for home delivered upon discharge and expensive drugs of inpatient not covered by the hospital fees). A row corresponded to a drug with its unique national registration code (CIP) and its entrance date into the SNIIRAM (approximately its delivery date). For simplicity, we defined different groups for cART: 2 nucleoside reverse-transcriptase inhibitors (NRTIs) plus 1 non-NRTI; 2 NTRIs + raltegravir or dolutegravir; 2 NRTIs + a third boosted agent; alternative ARV therapy for cART not corresponding to any of the above definitions; and inconsistent therapy for cART that did not remain the same for more than 6 months.
End Points
The end point of this study was the occurrence of a DDI between 2 drugs (ARV/ARV or ARV/non-ARV) in 2016. Any potential interaction was identified when an ARV drug was delivered between the first and the last delivery date of another drug (ARV or non-ARV). Pro re nata (PRN) drugs were included as comedications, as the SNIIRAM database does not distinguish PRN and non-PRN prescriptions. We assumed PRN drugs were taken following the prescription. Next, this interaction was considered a DDI if it yielded a "Do Not Co-administer" statement (including an "empty" red symbol), according to the University of Liverpool website (www.hiv-druginteractions.org/checker). For fixed-combination products, each active substance was screened separately. For DDIs with lidocaine, dexamethasone, or ketoconazole, only the systemic use of these drugs was included. For more details about the SAS code used to identify DDIs, please see the Appendix. We also estimated the annual cost attributable to DDIs, defined as all reimbursed health care acts recorded in the SNIIRAM during 2016. All costs estimated in euros were converted to US dollars (1€ = $1.2064 USD at February 1, 2018) . In a sensitivity analysis, we deducted the annual costs of ARVs. The rationale was to test our hypothesis that increased health care costs associated with DDI were more likely to be attributable to DDI-associated morbidity (ie, lab, consultations, and hospitalization) than to be attributable to DDI-associated higher cost of ARVs.
Statistical Analysis Plan
The characteristics of the studied population were described as number (percentage) for qualitative variables and mean (±SD) or median (interquartile range) for quantitative variables, as appropriate. To compare the groups with or without DDI, we used the Fisher exact or chi-square test for qualitative variables and the Student t or Wilcoxon test for quantitative variables, as appropriate.
The cumulative 1-year incidence of at least 1 DDI was computed with the patient as the statistical unit, with its corresponding 95% confidence interval. The incidence of DDIs per each ARV drug and its 95% confidence interval were estimated by Poisson regression. We used a stepwise multivariate logistic regression model with a P value <.05 to enter and stay in the model to identify independent risk factors for cART prescription and for experiencing at least 1 DDI.
Because DDIs were more likely to occur among individuals with a higher burden of comorbidities, direct comparisons of health care costs could be biased. Therefore, we built a propensity score representing the probability of having a DDI conditional to baseline characteristics by nonparsimonious multivariate logistic regression. Individuals with and without DDIs were subsequently matched based on their propensity score. The baseline characteristics of the propensity scorematched subcohort were compared with the standardized difference as appropriate, with a value 10% indicating a small difference. Comparison of costs and mortality was performed by a generalized estimating equation, taking into account the paired design. All statistical analyses were conducted with SAS software V9.4 (SAS institute, Cary, NC), and a P value <.05 was considered to denote statistical significance.
During the study period, an estimated 153 710 PLWH were identified in 2016 in France. The flowchart of patients from the initial extraction of SNIIRAM to the final POPVIH65 cohort is described in Supplementary Figure 1 . The initial database contained 14 471 subjects, of whom 1246 died before January 1, 2016. Among the 13 225 remaining subjects, 1175 had a condition other than HIV-related immune deficiency and were excluded. Of the 11 450 PLWH aged >65 years old, 2374 (20.7%) did not receive ART during the study period. Among them, 232 (10%) received reimbursed heath care other than drugs, 384 (16%) were not linked to care (no reimbursed care), and 1737 were not linked to HIV care (received reimbursed health care including drugs other than cART). There was a higher likelihood of no prescribed cART (P < .001) among women (odds ratio [OR], 4.0; 95% confidence interval [CI], 3.7-4.5) vs men, among those with a more recent HIV diagnosis (diagnosed in 2016: OR, 9.9; 95% CI, 7.3-13.4; 1 month-10 years: OR, 3.1; 95% CI, 2.6-3.6; 11-20 years: OR, 2.1; 95% CI, 1.8-2.5; vs >20 years: reference), and among PLWH with a diagnosis of dementia (OR, 2.5; 95% CI, 1.6-4.0), adjusting for geographic region, number of comedications, and number of comorbidities.
Among the remaining HIV population, 9076 individuals (5.9%) were aged >65 years while receiving cART in 2016, with a mean age of 71.3 (±4.9) years. Table 1 shows the characteristics of the POPVIH65 population by DDI status during 2016.
Risks of DDI
The 1-year cumulative incidence was 1529/9076 patients with at least 1 DDI (16.8%; 95% CI, 16.1-17.6), corresponding to a total of 2772 DDIs, with 161 distinct DDIs identified. On average, aging PLWH had 0.3 (±0.8) DDIs during 2016. The incidence rates of DDIs per 100 person-years for NRTI drugs were as Figure  1 illustrates the incidence per 100 patient-years of DDIs per non-nucleosidic reverse transcriptase inhibitor agent. Most DDIs revealed interactions between ARV and comedications (2534, 91%). The risk factors for at least 1 DDI are shown in Table 2 . Compared with non-NNRTI plus 2 NRTIs, the use of raltegravir or dolutegravir plus 2 NRTIs significantly and independently reduced the rate of DDIs (0.02; 95% CI, 0.005-0.05; P < .0001). Other cART, including ARV regimens utilizing boosted agents, and inconsistent therapy increased the rate of DDIs. The main DDIs identified are detailed in Table 3 , with their frequency, mechanism, and risks.
Costs Estimation and Mortality
The mean (SD) cost for the entire population was $16 820 ($13 683) for 2016. This figure was $19 784 ($18 717) for PLWH with DDIs and $16 219 ($12 332) for those without DDIs (unadjusted difference, $3564; P < .0001). The similar baseline characteristics of the 2 groups (n = 1529) after propensity score matching are presented in Table 4 . In the propensity score-matched subcohort, the mortality rates were similar: 33/1529 (2.2%) in the group without DDIs and 30/1529 (2.
Compared with individuals without DDIs, the associated costs of DDIs from the propensity score-matched subcohort were $2693 for 1-year follow-up (P < .0001). This result was consistent with the sensitivity analysis excluding ARV costs ($1106 attributable to DDIs; P = .029).
DISCUSSION
In a high-income country with free access to cART, 1 out of 5 PLWH aged >65 years did not receive cART, in particular women and late presenters. Most PLWH not receiving ART were linked to care but not to HIV care. Polypharmacy, risk of toxicity, low perceived benefit, and stigmatization may account for this gap between diagnosis and treatment. The 1-year incidence of at least 1 DDI was high, with 16.8% of PLWH >65 years old involved.
Contraindicated interactions range in the literature from 1% to 15% for all ages [15] [16] [17] [18] [19] [20] [21] and from 5.0% to 6.6% in the 2 studies that focused on aging PLWH [11, 13] . These cross-sectional studies reported 1-day prevalence, and thus intercurrence of prescriptions was lower. Besides, these studies were mostly conducted at a single site, and they were dependent on prescribing habits. It was also expected that incidence would be higher for an older population due to polypharmacy. Two other studies reported a higher rate of DDI, 27% and 41%, but they had a broader definition of DDI than ours [22, 23] .
In previous studies, the most frequent drug interactions reported with ARV therapy involved inhaled glucocorticoids, proton pump inhibitors (PPIs), statins, benzodiazepines, antidepressants, antipsychotics, and drugs for erectile dysfunction [13, 22] . Our study found similar results, except for benzodiazepines and erectile dysfunction drugs. In France, drugs for erectile dysfunction are not reimbursed, so they were not collected in the SNIIRAM database. In addition, most of the combinations between cART and benzodiazepines, antidepressants, or antipsychotics were not identified as a "Do Not Co-administer" DDIs on the Liverpool website.
The most frequent DDIs were combinations of protease inhibitors (PIs) or boosters (ritonavir or cobicistat) with inhaled glucocorticoids. For example, co-administration of fluticasone nasal spray and ritonavir increases fluticasone area under the curve (AUC) by ~350-fold [24] . A switch to a different glucocorticoid, which is not a substrate for CYP3A4 (eg, beclomethasone), should be considered. The second most frequent DDIs were combinations of rilpivirine or atazanavir with PPIs. For example, lansoprazole decreases unboosted atazanavir AUC by 94% [25] . Of note, atazanavir had the highest incidence of DDIs in our study (Figure 1 ). Removing the booster is only safe for atazanavir and can be attractive among aging PLWH with cardiovascular comorbidities [26] . However, it also increases the risk of subtherapeutic levels due to DDIs. We must acknowledge that atazanavir dosing was not accounted for in the determination of DDIs. Inappropriate PPI therapy is a problem in France and more widely in Europe [27] . In 2015, the American Geriatrics Society updated the Beers criteria for potentially inappropriate medication use in older adults, and PPIs have been added to the list of medications to avoid [28] . Amiodarone and piroxicam were ranked within the most frequently observed DDIs. Amiodarone is part of the Beers list, which recommends that amiodarone be avoided as firstline therapy unless the patient has heart failure or substantial left ventricular hypertrophy. In addition, the American Geriatrics Society recommends avoidance of chronic use of piroxicam. Older PLWH are more impacted by frailty than the older HIV-negative population; thus, careful application of the Beers criteria is even more important in PLWH. The American Geriatrics Society will re-update the Beers criteria shortly.
Polypharmacy and multimorbidity have long been identified as causing drug interactions [29] . Moreover, some ARV classes are more likely to generate drug interactions due to their pharmacokinetic profile, such as B-PIs, which are well known for their inhibitor enzymatic status [30] . However, the results related to the implication of age, with lower risk of DDIs with advancing age, is surprising. We hypothesize that prescribing physicians anticipated and paid more attention to the risk of DDIs in very advanced age individuals (ie, >85 years old) [31] .
To our knowledge, this study was one of the first to estimate the associated costs of DDIs in an aging HIV population. Hellinger et al. [32] previously investigated the cost of using atazanavir and tenofovir without ritonavir (referred to as "boosting errors") and found $4223 higher annual unadjusted cost compared with PLWH receiving the same combination with ritonavir. The cost of an individual living with HIV in our French study ($16 820) is consistent with that reported in the United States (about $18 600 per year) [33] . Avoidance of DDIs may decrease the annual cost of an individual living with HIV by 13.6% in France.
In France, cobicistat was only available coformulated with elvitegravir. Therefore, we were not able to compare the incidence of interactions between ritonavir and cobicistat. Both pharmacokinetic enhancers are strong inhibitors of cytochrome P450 (CYP) 3A4, but cobicistat is a more selective CYP inhibitor than ritonavir [34] . Ritonavir altered exposure to drugs primarily metabolized by CYP1A2, CYP2B6, CYP2C8, CYP2C9, and CYP2C19 or drugs undergoing glucuronidation. Therefore, switching from ritonavir to cobicistat may eventually require a dose adjustment of comedications. Nevertheless, the risk of interaction with both pharmacokinetic enhancers remains very high in our studied population with several comorbidities.
The risks and costs of DDIs are probably underestimated because we had no data about nonreimbursed drugs that can be responsible for several DDIs (eg, "over-the-counter" drugs, herbal products, drugs for erectile dysfunction, including PPIs, Hypericum extract, and sildenafil). Second, our analysis was based on drug deliveries, and we cannot know if and when drugs were actually taken by patients. In addition, we cannot know if physicians had adjusted the dose of a drug to limit the risk of interaction, especially for the combination of atazanavir and PPIs. So the DDIs identified are potential, and we cannot confirm that they were established in our population. Apart from the economic impact, we hypothesized that the increased cost associated with DDIs is the consequence of their associated morbidity. The proportion of patients receiving B-PI was relatively high in France during the study period. This may have contributed to the increase in incidence of DDIs in this population, as compared with other countries. However, the distribution of the prescribing habits did not influence our estimation of the 1-year incidence (Figure 1 ).
Integrase inhibitors (raltegravir or dolutegravir) were independent protective factors against DDI risk. Therefore, the safety of their use among PLWH aged 65 years and older needs to be discussed. Recent concerns over dolutegravir-related neuropsychiatric toxicity have emerged, particularly among older women living with HIV [35] , possibly owning to an increased dolutegravir peak concentration among aging PLWH [36] . This study only investigated the ARV therapies available in 2016. Bictegravir, a new unboosted integrase inhibitor, is a substrate of hepatic isoenzyme CYP3A4 and uridine diphosphate glucuronosyltransferase (UGT) 1A1. Doravirine, a non-nucleosidic reverse transcriptase inhibitor, is also a substrate of CYP3A4. A list of comedications that are inducers or inhibitors of the different families of CYPs can help to predict expected DDIs [37] . For example, comedications that induce CYP3A4 (such as rifampin) are expected to reduce plasma concentrations of bictegravir or doravirine, whereas drugs that inhibit CYP3A4 (such as ketoconazole) are expected to increase the plasma concentrations of these ARV drugs.
In conclusion, the choice of antiretroviral therapy should be made following a discussion between providers (HIV specialists and other specialists), pharmacists, and patients, taking into account various patient factors including comorbidities, pill burden, and the risk of DDIs. Every effort to reduce polypharmacy, boosted antiretroviral agents, and thus DDIs, has the potential to improve the safety of aging HIV-infected patients, a vulnerable population that is likely to grow.
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